INTRODUCTION 1

RESULTS 1
Overexpression of CcGA20ox1 modifies transcript level of endogenous CcGA20ox1 2
First, we confirmed that the transgenic Carrizo citrange line S23 used in this work 3 contained high levels of CcGA20ox1 transgene transcripts (about 11-fold compared to 4 control plants) (Supplemental Figure 1A) . On the other hand, endogenous CcGA20ox1 5 transcripts, analyzed by RT-PCR using a 3'-region sequence not included in the 6 transgene, were not detected in S23 (Supplemental Figure 1B) , probably as a result of 7 the negative feed-back regulation mechanism showed previously to regulate 8 transcription of that gene (Vidal et al 2003) . The same kind of plant material employed 9 in this analysis was used to measure global gene expression changes in the selected 10 transgenic lines. 11
Overexpression of CcGA20ox1 causes substantial remodelling of the transcriptome 12
Three biological replicates, each consisting of three internodes from young developing 13 shoots of the representative sense S23 line, were used for transcriptome analysis. 14 Internodes from shoots of plants bearing an empty vector were used as control. Box 15 plots of the log2 ratios after Lowess normalization (Yang et al 2002) for each of the 3 16 replicates showed fairly similar data spreads (Fig. 1A) , revealing a good reproducibility. 17
The upper left and right squares of the Volcano plot [that represents, for each gene in 18 the microarray, the log of the ratio between transgenic and control expression versus the 19 log of probability (p value) that the observed ratio occurs at random] contained a fairly 20 high number of spots (Fig. 1B) , meaning that many significantly differentially 21
expressed genes were present in CcGA20ox plants. 22 In CcGA20ox plants, 1228 ESTs corresponding to 726 unigenes (12% of total 23 unigenes in the microarray) were differentially expressed (p value of a Student's t-test 24 corrected by Benjamini-Hochberg < 0.05). This means that genetic modification of GA 25 metabolism resulted in a large remodelling of the transcriptome. 336 of the 1 differentially expressed genes (46.3% of the total) were upregulated (Supplemental 2   Table II) , and 390 (53.7% of the total) downregulated (Supplemental Table III ). This 3 suggests that both upregulation and downregulation play a similar role in the response 4 to CcGA20ox1 overexpression. Interestingly, 14.6% of these differentially expressed 5 genes (106) did not show significant similarity with any Arabidopsis protein, and 6 probably includes citrus-specific genes involved in pathways or functions specific to 7 citrus. 8
An analysis of sequence similarity was performed for annotation of differentially 9 expressed unigenes (Supplemental Tables II and III) . For functional analysis and 10 discussion of citrus unigenes, the corresponding most similar Arabidopsis protein was 11 always used. Arabidopsis protein similarity could be assigned to 85.4% of the 12 differentially expressed sequences (620 genes). To get an integrated view of gene 13 expression changes and to explore the biological processes in which the differentially 14 expressed genes are involved, their functional role was examined using the MIPS 15 (Munich Information Center for Protein Sequences; http://mips.gsf.de) Functional 16 Catalogue (FunCat; Ruepp et al 2004) for the corresponding most similar Arabidopsis 17 protein (see Supplemental Table IV for upregulated and Supplemental Table V for  18 downregulated genes). In most categories, similar proportions of genes were found in 19 both cases (Table I) . However, a bias toward upregulation was observed for energy 20 (4.4% vs. 1.8%) and interaction with the cellular environment (7.0% vs. 3.9%) 21 categories. On the other hand, a bias toward downregulation was observed for protein 22 synthesis (1.4% vs. 7.9%). 23
Results from microarray analysis were confirmed by PCR monitoring six genes 24 selected randomly according to their microarray expression profiles and putative 25 functions [five upregulated: photosynthesis (RuBisCO small subunit and RuBisCO 1 activase), abiotic stress (RD22), cell wall metabolism (XTH) and one with no 2 annotation available; one downregulated: secondary metabolism (GGPS)] in control and 3 CcGA20ox plants. Sequence identifiers and number of ESTs corresponding to each gene 4 are given in the legend of Fig. 2 . Transcript levels ( Fig. 2A) showed good correlation 5 with gene expression changes detected by microarray studies (R = 0.96 between these 6 two methods; Fig. 2B ), supporting the results obtained with the transcriptome approach. 7
Specific functional gene classes are enriched in CcGA20ox plants 8
To assist in identifying key processes that were altered in CcGA20ox plants we looked 9 for functional enrichment in the differentially expressed set of genes using FatiGO tool 10 corresponding to the most similar Arabidopsis protein (Al-Shahrour et al 2004) , based 11 on Gene Ontology (GO) terms (Ashburner et al, 2000) . GO categories identified as 12 significantly over-represented in the upregulated set (Fig. 3A , Supplemental Table VI)  13 were 'photosynthesis, light harvesting' (GO:0009765, p = 0.03) and 'carbon utilization 14 by fixation of carbon dioxide' (GO:0015977, p = 0.01), while in the downregulated set 15 we found those of 'protein biosynthesis ' (GO:0006412, ) and 'ribosome 16 biogenesis' (GO:0007046, p = 1·10 -4 ) (Fig. 3B , Supplemental Table VII ). The GO 17 categories corresponding to 'response to water' (GO:0009414, p = 0.0677) and 'cuticle 18 biosynthesis' (GO: 0042335, p = 0.0677) (Supplemental Table VI), although not  19 significantly over-represented, are also included in Fig. 3A because they will be subject 20 of discussion later on. 21
Diverse genes within the light harvesting (e.g. chlorophyll a/b binding proteins) 22
and light electron transfer reactions (e.g. ferredoxin and photosystems I and II), as well 23 as in the generation of precursor metabolites and energy (e.g. glycolate oxidase, 24 fructose-biphosphate aldolase, thioredoxins and ferredoxins) and carbon utilization (e. 25 g. carbonic anhydrases, RuBisCO small subunits and glyceraldehyde 3-phosphate 1 dehydrogenases) categories were found to be upregulated (Fig. 3A , Supplemental Table  2 VI). Since the category of 'carbon utilization by fixation of carbon dioxide' was 3 significantly over-represented we wanted to know whether genes of the Calvin-Benson 4 cycle, in addition to those already present in the enriched categories, were also 5 upregulated. Most of the pentose phosphate (Calvin-Benson) cycle genes (Fig. 4) (Fig. 4) , prompted us to hypothesize if 3 this could be evidence of increased photosynthesis capacity in transgenic plants. To 4 confirm this, net CO 2 uptake was measured in leaves of CcGA20ox and control plants. 5
The net photosynthetic CO 2 uptake in young leaves of CcGA20ox plants was 6 significantly higher than in control plants at photosynthetic active radiation (PAR) of 7 800 and 1000 µmol m -2 s -1 (Table II) . No significant differences were found at 600 8 µmol m -2 s -1 (Table II) . Overexpression of CcGA20ox1 also increased significantly both 9 stomatal conductance (g s ) and transpiration rate (E), regardless of PAR value (Table II) . 10
However, water use efficiency, estimated as Pn/E ratio, was similar in control and 11
CcGA20ox plants. Only at PAR 1000 this parameter was slightly lower in CcGA20ox 12
plants. 13
Overexpression of sense CcGA20ox1 produces upregulation and downregulation of 14 specific genes 15
It was of interest to examine differentially expressed genes in CcGA20ox plants 16 (Supplemental Tables II and III ) not included in the enriched categories described 17 before, with the purpose of identifying metabolic and physiological processes possibly 18 related to CcGA20ox plants phenotype. In this analysis we have concentrated in genes 19 involved in cell division and wall metabolism, stress, and those encoding transcription 20 factors related to these processes. 21
Cell division and cell wall biosynthesis and modification 22
Since CcGA20ox plants show increased cell divisions in the elongating internodes 23 (Fagoaga et al, 2007) , it was expected that they show altered levels of transcripts genes 24 involved in the cell cycle regulation and cell wall biosynthesis and modification. Two 25 genes encoding cell division proteins were upregulated while a cyclin-dependent kinase 1 (CDKB2;2), regulating normal cell cycle progression in Arabidopsis (Andersen et al 2 2008) was downregulated (Supplemental Table VIII genes (encoding enzymes that regulate cell-wall extensibility) was also observed 8 (Supplemental Table VIII) . 9
Abiotic and biotic stress 10
There are reports in the literature suggesting that GAs may be involved in different 11 kinds of abiotic stresses ( Table VI) , we looked for genes 15 involved in abiotic stress (desiccation, osmotic, salt and oxidative) which were 16 differentially expressed in CcGA20ox plants (Table III) . We found that 23 genes (15 of 17 them related to response to water) were upregulated and 11 downregulated. 18
Upregulation of genes encoding LEA5, dehydrins, delta 1-pyrroline-5-carboxylate 19 synthase (P5CS) and cysteine proteinases (RD19, RD21) was observed in CcGA20ox 20 plants. Plant surfaces are protected by the cuticle, a complex lipid structure composed of 21 an outermost epicuticular wax layer overlying a cuticle membrane layer, which provides 22 a protective barrier against environmental stress, mainly drought, and pathogens (Chen 23 et al 2003) . In the case of CcGA20ox citrus plants, we found that in addition to those of 24 water response many genes involved in lipid (e.g. GDSL-motif lipase/hydrolases and 25 acyl-ACP thioesterase), wax (WAX2) and cuticle biosynthesis (e.g. Very Long Chain 1 Fatty Acid Condensing Enzyme and lipid transfer proteins) were also upregulated 2 (Supplemental Table IX ), suggesting that in those plants there was probably cuticle 3 modification to prevent water loss. Interestingly, diverse kinds of genes related to biotic 4 stress (e.g. six chitinases and ten Kunitz protease inhibitors) were downregulated in 5
CcGA20ox plants (Supplemental Table III) . 6
Transcription factors 7
Transcription factors constitute a substantial fraction of all eukaryotic genomes, and 8 serve to integrate expression of genes with particular environmental and developmental 9 stimuli (Riechmann & Ratcliffe 2000) . Table IV To better understand how GAs control vegetative citrus shoot development we also 4 analyzed how the transcriptome was altered after short-term GA 3 application. 5
Internodes from growing shoots, at the same developmental stage as those used for 6 transgenic analysis, were cultured in the presence of 10 μM GA 3 , collected 6, 12 and 24 7 h later and used for RT-PCR analysis. After 24 h a clear reduction of CcGA20ox1 8 transcript level took place (data not presented), meaning that GA 3 had been efficiently 9 transported and acted metabolically in these GA 3 -treated explants. For this reason, 10 internodes at 0 h and after 24 h, untreated and GA 3 -treated (four biological replicates, 5 11 shoots per replicate) were used for transcriptome analysis. RNA corresponding to 0 h 12 was used as reference material. 13
We identified 123 ESTs as significantly regulated in response to GA 3 treatment 14 which corresponded to 75 unigenes, 26 upregulated and 49 downregulated 15 (Supplemental Table X ). FatiGO analysis was also performed but no enriched GO 16 category was found (data not shown). However, differentially expressed genes were 17 classified into MIPS categories with the purpose to understand their possible biological 18 function (Supplemental Table XI for upregulated and Supplemental Table XII for  19 downregulated genes). 20
As occurred in CcGA20ox plants (Supplemental Table III) , genes involved in 21 protein synthesis (two encoding ribosomal proteins and one encoding a translation 22 iniciation factor) were also downregulated after short-term GA 3 application 23 (Supplemental Table X ), supporting the idea that GAs may induce differential protein 24 translation. However, in contrast to CcGA20ox plants, we could not detect an increase 25 in RuBisCO transcripts 24 h after GA 3 application using citrus explants cultured in 1 vitro, neither any other gene involved in carbon fixation. 2
The most striking result obtained with GA 3 -treated internodes was that most of 3 the differentially expressed genes were involved in abiotic and biotic stress 4 (Supplemental Table X ), an effect which was also apparent in CcGA20ox plants. In the 5 case of upregulated genes they included genes (14 out of the 22 differentially expressed) 6 encoding proteins involved in water response (dehydrins and cysteine proteinase), 7 temperature perception and response (inositol-3-phosphate synthase and omega-3 fatty 8 acid desaturase), and biotic stimulus and plant defense responses (osmotin-like 9 proteins). In addition, genes corresponding to two groups of proteins involved in plant 10 defense response (basic endochitinases and Kunitz family proteins) were downregulated 11 in GA 3 -treated explants. 12
The increase of GA content, produced by overexpression of an endogenous GA20ox, 14 induced a large transcriptome rearrangement in citrus internodes. This genetic 15 manipulation of GA metabolism was associated with global upregulation of genes 16 involved in photosynthetic and carbon utilization, an effect described for the first time 17 in plants with elevated GA content. In contrast, lower changes in gene expression were 18 observed in the internode transcriptome of citrus explants after 24 h of GA 3 application, 19
suggesting that short-term GA 3 application has no effect on photosynthesis in citrus. 20 Therefore, the transcriptional activation of photosynthesis related genes in CcGA20ox 21 plants may be the result of long-term adaptation to altered GA content. Expression of 22 some of the genes involved in carbon fixation has been reported previously to be altered 23 by GA 3 application. For instance, the levels of RuBisCO subunits in broad bean and 24 soybean leaves increases after 1 h of GA 3 treatment as a result of translation (Yuan & 25 Xu 2001) . Transcript levels of fructose-bisphosphate aldolase also increases in rice 1 roots within 24 h of GA 3 application (Konishi et al 2004) . Carbonic anhydrase (that 2 catalyses the reversible hydration of CO 2 and thus the availability of CO 2 to RuBisCO) 3 increases in Brassica juncea leaves upon GA 3 treatment (Hayat et al 2001) . Net CO 2 4 fixation in leaves of transgenic citrus CcGA20ox plants was higher at PAR values (800 5 and 1000 µmol m -2 s -1 ) similar to those found in the field under a sunny day. This 6 supports the conclusion that, although we do not have data on biomass production, the 7 global upregulation of genes corresponding to be over-represented GO categories of 8 'photosynthesis' and 'carbon utilization' in CcGA20ox plants has a physiological effect. The unexpected result that extensive downregulation of genes corresponding to 21 "ribosome biogenesis" and "protein biosynthesis" functional categories occurred both in 22
CcGA20ox plants and GA 3 -treated cuttings suggests that the entire protein synthesis 23 machinery was affected as an early effect of GA action. However, the decreased 24 expression of these genes may not affect the synthesis of all proteins because at least 25 those involved in photosynthesis and carbon fixation probably increased in transgenic 1 plants. This downregulation may be rather to the result of a change in the pattern of 2 protein synthesis, as reporter earlier in GA 3 -treated barley aleurone (Jacobsen & Beach 3 1985) . 4
We found that diverse genes encoding proteins involved in cell division and cell 5 wall metabolism were altered in CcGA20ox plants. This result was expected considering 6 that GAs induce cell elongation and/or division in internodes of diverse species, and cell 7 this idea, we can speculate that over-representation of water response genes and 9 differential expression of other biotic and abiotic genes may be the consequence of a 10 decrease in DELLA protein caused by elevated GA levels. Nevertheless, that hypothesis 11 has to be confirmed by testing the expression of DELLA genes in CcGA20ox plants. 12
In summary, the increase of GA content produced by overexpression of an 13 endogenous GA20ox induced global upregulation of genes involved in photosynthetic 14 and carbon utilization and overall downregulation of genes involved in protein 15 biosynthesis and ribosome biogenesis, effects described for the first time in plants with 16 elevated GA content. This genetic manipulation of GA metabolism was also associated 17 with an increase of net CO 2 fixation capacity. Genes related to diverse abiotic (mainly 18 water response and cuticle biosynthesis) and biotic stresses were also differentially 19 expressed both in the transgenic citrus and in GA 3 -treated cuttings, although the 20 possible physiological meaning of these changes must be further substantiated. 21 
